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ABSTRACT 
 
Simulasi penguraian pati di dalam daun tembakau dilakukan dengan mengembangkan model matematika 
penguraian pati (di dalam daun) sebagai fungsi dari kondisi pengeringan seperti temperatur, kadar air, waktu, dan 
konsentrasi awal pati. Model penguraian pati ini didasarkan pada persamaan laju orde pertama, dikombinasikan 
dengan persamaan sekunder. Nilai konstanta yang diperlukan dalam persamaan sekunder ditentukan melalui iterasi 
dan perbandingan akar dari jumlah galat kuadrat. Model tersebut dipadankan pada data dari experiment untuk 
menentukan nilai konstanta pada persamaan utama, dengan meminimalkan akar dari jumlah galat kuadrat. Suatu 
program komputer telah ditulis dan digunakan untuk mensimulasi perubahan kadar pati di dalam daun. Hasilnya 
menunjukkan bahwa model tersebut dapat memprediksi penguraian pati dengan baik (RMSE = 3.28).  Namun 
demikian, pada beberapa kasus, model penguraian pati tersebut cenderung memprediksi konsentrasi pati yang lebih 
tinggi dari nilai yang diperoleh dari percobaan.  
  
Keywords: Simulation, mathematical model, starch degradation, tobacco leaf  
 
INTRODUCTION 
Tobacco curing is one of the most important 
step in tobacco leaf processing. It is usually conducted 
by placing the leaf in a barn which then forced with 
heated air.  Starch concentration in the leaf, which is 
high before curing, is reduced considerably by the end 
of the curing process.  On the other hand, sugar 
concentration, which is very low before curing, is 
increased notably after curing, due to conversion of 
starch to sugar.  The disappearance of green and the 
emergence of yellow colors are often used as an 
indication of the end of the yellowing stage and the 
completion of the starch degradation process.  Starch is 
among compounds that have a great influence on 
tobacco quality. 
In general, tobacco curing can be divided into 
three distinct stages.  The first stage, called yellowing 
stage, can be described as a period of major chemical 
conversions and color development for about 48 to 64 
hours (Johnson, 1974; Collins and Hawks, 1993).  The 
second stage is leaf drying or “color fixing” which usually 
lasts for 36 to 72 hours (Johnson, 1974).  The last stage 
is stem drying, also called "killing-out", and generally 
requires 36 to 48 hours until the midrib was completely 
dry (Collins and Hawks, 1993). 
Concentration of starch during curing was 
greatly influenced by curing conditions such as 
temperature, relative humidity, airflow, time and time 
variation of those factors.   Changes in the curing 
conditions might alter the final starch concentrations.  It 
has been reported that the curing conditions have an 
individual and interactive effect on the cured leaf 
chemical compositions (Tso, 1990). 
A mathematical model that can predict starch 
during curing as a function of curing conditions would be 
a valuable tool.  Such a model could be used by 
researchers to better understand how curing conditions, 
affect the chemical concentrations in the tobacco leaf.  
Such a model also could be used to optimize the curing 
schedule, which in turn will optimize process efficiency 
for a maximum attainable product quality.  
Starch degradation 
 The breakdown of starch into sugar after harvest 
is extremely important for many commodities including 
leavy product such as tobacco.  Starch degradation in 
tobacco starts as soon as a leaf attains its physiological 
maturity.  Degradation becomes more extensive during 
the yellowing stage of curing and continues until the 
starch hydrolyzing enzymes are deactivated (Amin, 
1979). 
 Starch in the leaf is converted into sugar by at 
least three different enzymes, -amylase, -amylase, 
and maltase.  Activity of -amylase is more dominant 
than the others and is very pronounced in the 
degradation process (Spencer and Weston, 1966).  
Alpha amylase, first rapidly hydrolyses amylose and the 
straight-chained part of amylopectin at random into 
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approximately 10 glucose subunits called maltodextrins.  
They are then hydrolyzed further into maltose by the 
same enzyme, but at a much slower rate.  Beta amylase 
removes maltose directly from straight-chained 
amylopectin up to a branching point.  This reaction 
yields maltose and branching glucose units called limit 
dextrin.  Maltose is further hydrolyzed by maltase, 
producing two units of glucose (Kays, 1991).  The 
overall enzymatic reactions are shown below: 
   amylase 
starch  +  n H2O  -------------->   n maltosa     (1) 
   maltase 
maltose  + H2O   --------------->  2 glucose     (2) 
 Like most enzyme reactions, starch degradation is 
influenced by temperature, pH, and moisture content.  
The optimum temperature for tobacco α-amylase activity 
is about 40 oC, while its optimum pH is in the range of 6 
to 7.4.(Frankenburg, 1946; Whitaker, 1996).  Spencer 
and Weston (1966) reported that, in invitro, the optimum 
temperature for flue-cured -amylase activity is about 50 
oC with a rapid inactivation at higher temperatures.   
Conversely, they found that the presence of starch in the 
system partially protected -amylase from heat 
inactivation, which explains why this enzyme is still 
present in the cured leaf.  
The objectives of this study was to develop a 
mathematical model for starch breakdown in tobacco 
leaf during curing, and describe changes in starch 
concentrations at any time during the cure as a function 
of the initial concentrations and the curing conditions. 
The model is beneficial to predict the completion of 
starch degradation to ensure a good tobacco leaf 
quality. 
 
METHODOLOGY 
A. Model for Starch Degradation 
The model developed in this study was based 
on enzymatic chemical reactions. The conversion of 
starch into sugar in tobacco leaf is catalyzed by at least 
three main enzymes.  However, these multi-step 
enzymatic degradations can be simplified into one single
-step reaction because the main interests in these 
reactions were initial substrate (starch) and final product 
(sugar).  Thus, the starch hydrolysis reaction can be 
represented by the following scheme: 
Starch + Enzyme  ------------> Glucose  +  Enzyme   (3) 
     n H2O 
 The Michaelis-Menten kinetic model expressed in 
equation (4), (Blanch and Clark, 1996), was utilized to 
describe the reaction scheme described in equation (3). 
 dG/dt  =   rmax  S / (KM + S)       (4) 
where  G      =  sugar concentration, % dry weight, 
  S      =  starch concentration, % dry weight, 
  rmax   =  maximum rate of reaction, s-1, 
                    KM   =  Michaelis-Menten constant, % dry 
weight, and 
    t      =  time, s. 
 Due to internal and external factors, tobacco 
starch molecules are not completely hydrolyzed into 
molecules of glucose (reducing sugar).  Only about 60 
% of the starch is effectively converted into reducing 
sugar (Ismail and Long, 1980).  Since the rate of sugar 
formation is equivalent to the rate of starch degradation, 
starch degradation rate can be represented by the 
following equation:  
dS/dt    =  -  ( rmax  S / (KM + S))       (5) 
where   S      =  starch concentration, % dry weight, 
                     rmax  = maximum rate of reaction, % dry 
weight s-1, 
                     KM   = Michaelis-Menten constant, % dry 
weight, and 
   t        =  time, s. 
 Equation (5) has been employed to describe the 
experimental data, but the results were satisfactory only 
for one data set, and not for the other data set.  
However, when KM value increased gradually, the model 
gave a better fit not only for the second data set but also 
for the first data set.  As KM increases and became 
much larger than S, then the denominator approaches 
KM, and equation (5) reduces to equation (6), which 
indicates a first-order reaction.  This equation was then 
used in the model to describe starch hydrolysis: 
dS/dt    =  -  ( rmax /KM) S  =  - KS  S     (6) 
where  S     =  starch concentration, % dry weight, 
  KS   =  starch degradation constant, s-1, and 
  t      =  time, s.   
Upon integration and solving for starch 
concentration at the end of a time step, equation (6) 
becomes: 
S2  = S1 exp(- KS  Dt)       (7) 
Where        S2  =  starch at the end of time step, % dry 
basis,   
                    S1  =  starch at the beginning of time step, 
% dry basis, and 
  Dt   =  time increment, s. 
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 To account for temperature effect on the rate of 
starch degradation, a temperature factor in the form of 
equation (8) was used.  Values for TOP, ps1 and ps2, 
which were obtained from iterations and comparison of 
root mean square errors by Abubakar (2000), were 40,  
25 and 20 oC respectively.  Then 
TFS  =  1 / exp [(TOP - T) / psi]2       (8) 
Where     TFS  =  temperature factor for starch, 
dimensionless, 
               TOP =  optimum temperature, oC, 
      T    =  actual temperature, oC, 
      psi    =  constant, oC, 
      psi    =  ps1, when  T  <  TOP, and 
       psi    =  ps2, when  T  >  TOP. 
 Effect of moisture content on the starch reaction 
rate was assumed to be in the form of equation (9), 
which was adapted from Young et al. (1979).  The 
values of MCOP, qs1 and qs2, which were obtained from 
iterations and root mean square errors comparison by 
Abubakar (2000), were 70, 25 and 20 %, respectively.  
Then 
MFS   =  1 / exp [(MCOP - MC) / qsi]2      (9) 
where MFS   =  moisture factor for starch, 
dimensionless, 
 MCOP =  optimum moisture content, % wet basis, 
 MC     =  actual moisture content, % wet basis, 
 qsi        =  constant, % wet basis, 
 qsi        =  qs1, when  MC  >  MCOP, and 
 qsi        =  qs2, when  MC  <  MCOP, 
 The effect of temperature and moisture content on 
the starch degradation constant were adjusted using the 
following equation: 
KS   =  KS0  TFS  MFS       (10) 
where KS   =  starch degradation constant at given 
temperature and moisture content, s -1, 
          KS0  =  starch degradation constant at optimum 
temperature, and moisture content, s –1, 
          TFS  =  temperature factor for starch, 
dimensionless, and 
 MFS  =  moisture factor for starch, dimensionless. 
 
B. Simulation of Starch Degradation  
 Equations (1) to (10) were embeded into a 
computer program developed by Abubakar (2000) to 
predict starch degradation process.  This computer 
program was then used to predict starch concentration 
in the leaves during curing by assuming that the deep 
bed of the leaves was composed of a number of thin 
layers of finite thickness.  The drying air was forced 
through the bed starting from layer 1. The deep bed of 
the leaves was divided into ten equal layers and the time 
increment (t) used in the calculation was 15 minutes. 
Condition of the air leaving the current layer was used 
as the condition of the air entering the next layer.  Initial 
inputs required to run the model were packing density, 
airflow rate, dry and wet bulb temperatures, initial 
moisture content, and initial concentrations of starch 
(Colson and Young, 1990; Kiranoudis et.al., 1990). 
 
C. Data Collection 
 The experimental data used to develop the model 
was taken from Abubakar (2000) who run the curing 
experiment in Oxford, North Carolina. The data sets 
consisted of four tests with three yellowing temperature 
treatments (30, 35, and 40 oC) with 3.3 oC wet bulb 
depression (approximately 81% relative humidty), and 
two tests with three wet bulb depressions i.e. 1.67, 3.33, 
and 5 oC, which represent approximately 89, 81, and 70 
% relative humidity, with 35 oC yellowing temperature.  
Yellowing time was set to 64 hours (to ensure completio 
of starch degradation), while curing time was set to 155 
hours. Samples were taken from each curing barn every 
eight hours for starch content analysis.  
 
D. Constant Determination 
Starch degradation rate constants (KS) must be 
evaluated first, in order to use the first-order reaction 
rate models proposed.  The constant was determined by 
fitting the models to the experimental data sets, by 
adopting procedure outlined by Abubakar (2004).  First, 
the model (modified TCURE6) was run for a large range 
of constant value (by iteration) with a relatively large 
increment. Then the search was refined around a 
selected point with a smaller increment.  Second, sum of 
square errors (SSE) and root mean square errors 
(RMSE) between the experimental data and the 
numerical solution (average of all layers) were 
calculated for each data set.  The constant value that 
gave the smallest average of SSE or RMSE was 
chosen.  Third, the experimental and simulated values 
for each compound were plotted versus time for curve 
visual comparison and verification.  A number of 
iterations using the above procedure were carried out 
before the final parameter values were selected.  Value 
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for other constants required for running the program 
were taken from that were calculated by Abubakar 
(2000). 
 
RESULTS AND DISCUSSION 
Root Mean Square Errors (RMSE) of the model 
was optimized and used as the primary criteria in 
selecting the parameter values.  After running a series of 
simulation, the values of the starch constants (KS) that 
give the smallest root mean square errors (RMSE) was 
0.024 h-1 (or 6.67 x 10-6  s-1), thus, this number was 
choosen. The model smallest root mean square errors 
obtained (using the constant number) are presented in 
Table 1.  Nevertheless, the constant should only be 
referred to as the values that gave a "good" fit of the 
experimental data.   
Figures 1 to 3 show typical fits of the model to 
the data points. Visual comparison showed that the 
model values were regressed fairly well through the data 
points.  Average root mean square error for the model 
was 3.28 % dry basis, which was reasonably small. 
However, in some cases such as in Figures 1, 
the model predicted higher starch concentration toward 
the end of the yellowing stage, while in other cases such 
as in Figures 2, the model predicted higher starch 
concentrations at the beginning of the yellowing stage 
than most of the experimental values.  During late leaf 
drying and stem drying stages, the model predicted 
higher starch concentrations than measured values in 
most cases, while none of them predicted lower starch 
concentrations. 
No.  T (oC)  RH (%)  RMSE*  (% d.b.) 
1  40  81  2.75 
2  35  81  2.53 
3  30  81  3.35 
4  35  70  4.81 
5  35  81  2.95 
6  35  89  3.30 
Average  3.28 
T =Yellowing Temperature. 
RH=Yellowing Relative Humidity 
* Values for the first three data are average of four tests, 
while the values for  the last three data are average of two 
tests. 
Tabel 1. Root mean square errors of the model utilizing 
obtained constant value (0.024 h-1) compared 
to experimental data. 
Figure 1. Comparison of experimental (Data) batch 1 
and simulated (Sim) starch concentration for tobacco 
leaf using modified TCURE6 at 40 oC yellowing 
temperature and about 81 % yellowing relative humidity.  
Figure 2. Comparison of experimental (Data) batch 4 
and simulated (Sim) starch concentration for tobacco 
leaf using modified TCURE6 at 40 oC yellowing 
temperature and about 81 % yellowing relative humidity.  
Figure 3. Comparison of experimental (Data) and 
simulated (Sim) starch concentration for tobacco leaf 
using modified TCURE6 at 35 oC yellowing temperature 
and about 81 % yellowing relative humidity  
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In general, at  higher yellowing temperature, the 
model prediction of starch concentration in cured leaf 
was higher and decreased as yellowing temperature 
decreased .  Similarly, in model prediction,  cured leaf 
starch concentration was lower at high yellowing relative 
humidity, and increased as yellowing relative humidity 
decreased (Table 2).  These results followed the trend 
shown by experimental values (Table 2), where starch 
tended to degrade faster at high yellowing relative 
humidity and tended to degrade slower at low relative 
humidity.  It is apparent that the effects of yellowing 
relative humidity were predicted fairly well by the model, 
except the predicted value in cured leaf was larger than 
that of the experimental data.  The model predicted an 
average starch concentration of about 5 %, while the 
average of experimental value was about 3 % dry basis 
(Table 2). 
Possible sources of errors in this model were 
the values of constants used in equation (8) and (9), 
which were utilized to predict the effect of temperature 
and moisture content on the rate of starch hydrolysis.  
Values of these constants were obtained from trial and 
error iterations by comparing root mean square errors.  
It is possible that the values obtained gave the smallest 
RMSE but did not depict the actual effects of 
temperature and moisture content on enzyme systems 
responsible for starch degradation in the leaves. 
Model Verification 
   The model verification was conducted by 
comparing the values simulated by the model to the 
values obtained from the second experimental data set.  
The typical results are presented in Figures 4, while the 
model root mean square errors are listed in Table 3. 
Initial starch concentrations in the second experiment 
were much lower than those found in the first 
experiment.  These differences might be due to the 
differences in weather conditions between the two years 
of experiments (Table 5).  
Figure 4 showed that predicted values 
described the experimental data fairly well.  However, 
the predicted values were slightly below the 
experimental data points (Table 4).  Root mean square 
error of the starch degradation model (verification) was 
1.11 %, which was very low and even lower than the 
No. T (oC) R.H. (%) Data*  
(% d.b.) 
Sim  
(% d.b.) 
1  30 81 2.86  5.57 
2  35 81 2.18  4.54 
3  40 81 2.48  4.04 
4  35 70 3.84  6.69 
5  35 81 3.44  5.47 
6  35 89 3.29  4.63 
Average 2.85  5.01 
T =Yellowing Temperature. 
RH=Yellowing Relative Humidity 
* Values for the first three data are average of four tests, while 
the values for  the last three data are average of two test. 
Table 2. Experimental (Data) and predicted (Sim) starch 
concentrations at the end of the cure (first 
experimental data set). 
Figure 4. Model verification by comparing the second 
experimental (Data) and simulated (Sim) starch 
concentration using modified TCURE6 at 35 oC 
yellowing temperature and about 81 % yellowing relative 
humidity.  
Table 3. Root mean square errors (RMSE) of the model 
fit to the second experimental data sets, using 
the obtained constant values.         
No. T (oC) R.H. (%) RMSE* (% d.b.) 
1 35 70 0.89 
2 35 81 1.03 
3 35 89 1.40 
Average 1.11 
T= Yellowing Temperature.  
RH=Yellowing Relative Humidity. 
*Data values are average of four tests. 
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value obtained when the model fit to the first 
experimental data sets (Table 3).  At the end of the cure, 
the model predicted that starch concentration was 2.75 
% dry basis, which was comparable with the 
experimental value of 3.19 % dry basis (Table 4).  In 
general, the starch degradation model simulate the 
second experimental data sets reasonably well even 
with a relatively low initial starch concentration.  This 
suggested that the model could accommodate a wide 
range of initial starches fairly well.   
 
CONCLUSIONS 
Starch degradation model developed to predict 
starch concentration in tobacco leaf during curing were 
able to describe the first and second experimental data 
sets reasonably well. Based on those findings, the 
following conclusions were made: 
1. The starch degradation model, based on the first 
order rate equation, described the first and the 
second data sets fairly well.  The model tended to 
predict a higher starch concentration than that of the 
experiment.  
2. The starch degradation constant (KS) values obtained 
in this study was 0.024 h-1.  
3. The model simulate the final starch concentration in 
the leaf quiet well with RMSE equal to 3.28. 
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